The photosynthetic and respiratory performance of developing internodes of Popudus tremuloides was evaluated by infrared gas analysis.
In the last twenty years, considerable effort has been devoted to the study of bark photosynthesis (5, 10, 16, 21) . Photosynthesis in woody stems is best known in the bark of quaking aspen, Populus tremuloides Michx. (8-10, 17, 19, 20, 22) . Net CO2 assimilation by illuminated aspen bark has never been reported, but photosynthesis (reduction of CO2 release rates on illuminated) is known to occur over a wide range of temperatures and during all seasons of the year (9, 10, 17) .
Although the photosynthetic performance of older stem tissues is reasonably well studied, little is known about growing internodes of woody species. Because young, growing stems of woody species intergrade from an entirely primary tissue system to a predominately secondary tissue system, the photosynthetic and respiratory rates of juvenile aspen stem could vary with the age and developmental stage of the internodes. This study was undertaken to investigate developmental changes in aspen internode metabolic rates as related to the plastochron age (7, 15) of the internodes and to examine the effects of light intensity and temperature on stem CO2 exchange rates.
MATERIALS AND METHODS
Plant Materials and Growth Conditions. First-year root sprouts of P. tremuloides were collected from the periphery of a single natural stand near Syracuse, NY. The ramets were cut back to a large axillary bud, root-pruned, and planted in 30-x 30-cm plastic nursery pots containing greenhouse potting soil. Ramets were cultivated in growth chambers under a 16- linearly related to time up to final CO2 concentrations over 400 ,tl/l, suggesting that internode metabolic rates are relatively insensitive to the external concentration of CO2 as in older aspen stems (8) . In subsequent experiments, the CO2 concentration in the closed IRGA system was allowed to change by not more than 30 to 40 pd/1, after which the system was flushed with atmospheric air and resealed; the process was then repeated. Five to six replicate measurements were needed to allow calculation of a reliable mean rate of CO2 exchange.
The time required for the stem to establish a new steady-state diffusive equilibrium for CO2 following transition from dark to light and vice versa is sluggish, as would be expected from bulky tissues. In addition, following such transitions, stem temperature shifted by two to three degrees before stabilizing at the desired temperature of 20 ± 1°C. Temperature control was generally attained within the first 5 to 10 min after the transition to the new light environment. Cuvette coolant temperatures ofapproximately 10 to 180C were generally required to maintain a 20°C stem temperature under saturation light intensities and darkness, respectively. Steady-state CO2 release rates were attained within 10 to 15 min after changing the illumination environment regardless of the direction ofthe change. This response time represents about one-half to one-third of the response time of mature aspen bark undergoing similar transition (8) . In all subsequent experiments, a 30-min equilibration time was allowed after each change in illumination conditions.
Stem illumination was provided from two sides by two watercooled 150-w floodlights. Light (Fig. 2) and continued to increase, although less predictably, with internode PI as the internodes grew in diameter.
The dependence of stem metabolic rates on temperature was examined at 10, 20, 30, 40, and 50°C (Figs. 3 and 4) . To avoid excessive defoliation, only a few stem segments were measured on each of five plants. To prevent accidental damage to distal internodes during handling, measurements commenced at the oldest stem segment and progressed acropetally toward the stem apex. Dark respiration increased linearly with increasing temperature over the 10 to 50°C range, regardless of the age of the internodes (Fig. 3) . Stem found in the youngest measured internodes (internode LPIs 4 and 5), and they declined hyperbolically with increasing plastochron age (Fig. 5) 
DISCUSSION
The age-related decline in internode respiratory and photosynthetic rates was correlated with anatomical changes observed in freehand sections, as shown in Figure 7 . At point A, internode elongation had stopped, and a continuous ring of radially aligned vascular tissue was first clearly evident, indicating that the vascular cambium had recently become continuous and functional. The most rapid respiratory rate decline immediately followed this event, probably reflecting the maturation of rapidly respiring primary tissues. The decline in photosynthetic rates follows a similar pattern. This may reflect the declining relative proportion of primary, chlorophyllous tissues in these internodes, reduced penetration of light to the chlorophyllous pith, and aging of the stem chlorenchyma. The chloroplasts of young, recently matured cells appear to have a greater photosynthetic capacity than do those of older cells (6, 14) .
At LPI 11 (point B), radial cell divisions in the cell layer immediately below the epidermis were first observed, and they indicated the initiation of the phellogen. Photosynthetic rates continued to decline until the first phellem cells matured (LPI 15); they changed little thereafter. By approximately LPI 20 (point C), one to two layers of phellem cells had differentiated around the stem circumference, and there was little further development of the periderm with age.
The declining photosynthetic rates observed between LPI 10 and LPI 20 appear to be related to periderm development, possibly as a consequence of the shading effect of the phellem cells on the chlorenchyma. The periderm of young aspen stems differ from that of year-old stems, primarily in the number of phellem cell layers. In young internodes, there are one to two phellem layers, only between 10 to 20%1o of the incident light intensity (23) , so that the shading effect of the phellem cells appears to be substantial. The Chl contents of aspen internodes, mature stems, and leaves (4, 19) are all similar when compared on a surface-area basis. Despite this similarity, photosynthesis in both young and old aspen stems becomes light-saturated at light intensities characteristic of shade plants (18) . The actual light intensity impinging on the stem chlorenchyma may be substantially lower than that incident at the surface, due to shading by the periderm. The extent to which light is transmitted through the epidermis of the very young internodes and the periderm of older internodes is unknown, but it is probably greater than in stems in which the periderm is well developed.
The Respiratory and photosynthetic rates of very young stems were high, as would be expected from rapidly growing plant tissues. At physiological temperatures, the dark respiratory rates ranged from about 29 mg C02/dm2 .h in very young internodes to approximately 7 mg CO2/dm2 * h in older internodes. The respiratory rate of the current-growth stems as a whole is greater than are those observed in older aspen bark tissues (1.5 to 5.0 mg CO2/dm2-h) (9, 10) . The respiratory rates of both the current-growth and the older aspen stems are generally greater than are those reported for the bark of other deciduous species, which range from 0.7 to 3.7 mg CO2/dm2.h (1, 2, 12, 13) .
The photosynthetic rates of the current-growth internodes ranged from nearly 10 mg CO2/dm2-h at the youngest internodes to rates of 2.5 to 3.8 mg CO2/dm2.h at internodes 15 or more plastochrons old. Photosynthetic rates of the internodes are similar to those reported for aspen leaves (11.7 mg CO2/dm2.h) (4, 10) and for the bark of Cercidium floridum, a desert shrub in which net bark photosynthesis has been observed (6.0 mg CO2/dm2.h) (1, 2 Aspen stem dark respiration increased linearly with increasing stem temperature up to 50°C, the highest temperature attempted. Photosynthesis, on the other hand, declined sharply between 40 and 50°C, with maximal rates occurring at 40°C. However, maximal photosynthetic rates at these temperatures do not necessarily imply optimal photosynthetic performance. When ratios of photosynthetic and respiratory rates are calculated (percent reassimilation), the optimum temperature for respiratory CO2 reassimilation falls in the 20 to 30°C range and is consistent with the assumption that stem photosynthesis in aspen uses the C3 pathway. In very young internodes, maximal percentage of reassimilation approaches 70% at 20°C. One of the problems encountered in temperature studies with bulky tissue is the possible differences between the surface and the interior of the tissue. With woody materials of a diameter between 2 and 5 mm, differences between surface and internal tissues is expected to be small, provided air flow is maintained over the tissue. Similarly, equilibration times for woody tissues of the size used will not likely exceed 2 to 5 min (1 1).
Despite exposure of the stem to surface temperatures of 50°C for two or more hours, there was no visible damage to the internodes. Damage did not appear later, and the plants continued to develop normally in the growth chambers. While such extreme temperature conditions are not often encountered in nature, comparably high temperature extremes have been reported even in the northern range of species. The tolerance of the current-growth aspen stems to a wide range of temperatures and the ability of the illuminated stem to photosynthetically offset its respiratory CO2 losses over much of this temperature range may help to explain the distribution of P. tremuloides over its wide latitudinal and altitudinal range (10) .
